Conductive electrons in high-quality two-dimensional (2D) materials at low temperatures can form a viscous fluid. We study a linear response of a 2D strongly-nonideal electron fluid in magnetic field on circularly polarized electric field. We demonstrate that the response consists of the two parts: the first one formed by the magnetoplasmons and the second one formed by the transversal zero sound. Such the sound exists in strongly non-ideal Fermi liquids and is similar to the transversal sound in amorphous solid media. In this paper we study such waves in a charged fluid in magnetic field on the example of a 2D strongly non-ideal electron fluid. The viscous part of the linear response is almost independent on the sign of circular polarization of ac field and exhibits the viscous resonance, which was recently proposed in the work [P. S. Alekseev, arXiv:1802.09179v3 (2017)]. The viscous resonance manifests itself also via the plasmonic part of the linear response by a resonant dependence of the width of the plasmonic resonance on magnetic field. We argue that, apparently, the viscous resonance is responsible for the peak and the features observed in photoresistance and photovoltage of the ultra-pure GaAs quantum wells. This fact should be considered as an evidence of forming a 2D viscous electron fluid in such the structures.
INTRODUCTION
In materials with enough weak disorder a viscous fluid consisting of phonons or conductive electrons can be formed at low temperatures. For realization of such hydrodynamic regime, the inter-particle collisions conserving momentum must be much more intensive than any other collisions which do not conserve momentum. This idea was proposed many years ago for 3D materials with strong phonon-phonon and electron-phonon interactions [1, 2] . The hydrodynamic regime of phonon transport in liquid helium and dielectrics was studied in sufficient details [3] . However, in those years there existed no enough pure conductors where the hydrodynamic regime of charge transport could be realized.
Recently, the crisp fingerprints of forming a viscous electron fluid and realization of hydrodynamic charge transport were discovered in the novel ultra-high quality materials: GaAs quantum wells [4] [5] [6] [7] , the 2D monovalent layered metal PdCoO 2 [8] , the 3D Weyl semimetal WP 2 [9] , and graphene [10, 11] . The most bright of such phenomena seems to be the giant negative magnetoresistance effect, which is the decrease of resistance by 1-2 orders of magnitude in moderate magnetic fields, was discovered in the best-quality GaAs quantum wells [4] [5] [6] [7] and on the Weyl semimetal WP 2 [9] . These experimental discoveries were accompanied by an extensive development of theory . In Ref. [17] it was shown that the giant negative magnetoresistance can be explained in details within the hydrodynamic model taking into account the dependence of the electron viscosity coefficients on magnetic field and temperature. By this way, one can consider the best-quality GaAs quantum wells and similar materials as a novel type of solids where the hydrodynamic regime of charge transport is realized.
A high-frequency flow of a viscous electron fluid in a long sample in zero magnetic field was theoretically studied in Ref. [30] [31] [32] . A Navier-Stocks equation for a high-frequency flow of a viscous 2D electron fluid in magnetic field was derived in Refs. [29, 33] . It was shown in Ref. [29] that the high-frequency viscosity coefficients of 2D electrons have a resonance at the frequency equal to the doubled electron cyclotron frequency, ω = 2ω c and such the viscous resonance manifests itself in the damping coefficient of 2D magnetoplasmons.
In this paper, we study the conditions and the form of manifestation of the viscous resonance in a 2D electron viscose fluid in wide and narrow samples. Our study is applicable to 2D electrons in high-mobility quantum wells, to 2D layered metals, and to graphene and similar materials when the density of one type of carriers (electrons or holes) is much greater than the density of other type. Based on the obtained results and the analysis of the experimental data on ac transport in the highmobility GaAs quantum wells, we provide another possible evidence that 2D electrons in such systems form a viscous fluid.
For these purposes, we calculate the linear response of a 2D viscous electron fluid in magnetic field on ac circularly polarized electric field [34] . We show that the response can consist of the two parts: the plasmonic part formed by standing waves of magnetoplasmons and the viscous part formed by standing waves of the transversal zero sound. It is known that the transversal zero sound exists in 2D and 3D Fermi liquids with enough strong interaction between quasi-particles [35] . Here we study such waves in 2D electron fluid in magnetic field within the hydrodynamic approach. In it, the transversal zero sound is related to time dispersion of viscosity. The viscous part of the linear response, unlike the plasmonic part, is almost independent on the sign of circular polarization of ac field. In wide samples, the magnetoplasmon part dominates and the viscous resonance can exhibits itself via the resonant dependencies of the magnetoplasmon damping coefficient on ω and ω c . In narrow samples, a flow controlled by viscosity is formed in the whole sample. At the frequencies above the viscous resonance frequency, ω > 2ω c , the viscous part is the standing waves of the transversal zero sound. The dependence of the viscous part of the response on ω c acquires a resonant character and is asymmetric relative to the point ω = 2ω c . In the very narrow sample, the ac Poiseuille flow with a parabolic velocity profile is formed. In the last case the viscous resonance manifests itself not in the ac current, but in the ac conductivity.
The linear response and the viscous resonance can be observed, first of all, by the dependence of absorbtion of microwave radiation by 2D electron fluid on the frequencies ω and ω c . We also argue that, apparently, the viscous resonance is responsible for the peaks and the features at ω = 2ω c in the non-linear kinetic effects (the photoresistance and the photovoltaic effects), which were recently observed on the best-quality GaAs quantum wells [36] [37] [38] . We conclude that, possibly, arising of the peak and the features at the viscous resonance in the nonlinear effects is the second evidence of forming a viscous electron fluid in moderate magnetic fields in the ultra-pure GaAs quantum wells.
We also argue in the current paper that, apparently, electron fluid in the discussed above GaAs structures and similar high-quality 2D materials with very strong electron-electron interaction has so high viscosity that it acquires the properties which are character for the amorphous media near the visco-elasticity transition. So the term "electron honey" can be coined for this new type of 2D electron fluids.
AC HYDRODYNAMICS OF 2D ELECTRON FERMI GAS AND STRONGLY NON-IDEAL FERMI LIQUID
If electrons weakly interact between themselves and can be regarded as an almost ideal Fermi gas, the hydrodynamic approach can be used when the characteristic space scale, W , of changing of the hydrodynamic velocity V(r, t) is far greater than, at least, one of the following lengths: the electron mean free path relative to electron-electron collisions l ee = v F τ ee ; the electron cyclotron radius R c = v F /ω c ; the length of the path that free electron passes during the characteristic period of changing of V(r, t), l ω = v F /ω. Here v F is the Fermi velocity, τ ee is the electron-electron scattering time (its exact definition will be clarified below), ω c is the cyclotron frequency, and ω is the characteristic frequency of a flow. If one of these conditions is satisfied, then inside the regions of the size W the quasi-equilibrium distribution of electrons is formed and the flow can be described by two values: the electron density n(r, t) = n 0 +δn(r, t) and the hydrodynamic velocity V(r, t) (here n 0 is the equilibrium electron density).
We consider the case of a high-frequency flow when the characteristic frequencies ω can be compared with ω c and 1/τ ee . We decompose the values δn(r, t) and V(r, t) by the time harmonics proportional to e −iωt . In the linear regime the continuity equation and the Navier-Stocks equation for the amplitudes δn(r, ω) and V(r, ω) of each velocity harmonic are [29] :
and
where e < 0 is the electron charge, m is the electron mass, γ is the rate of momentum relaxation in bulk due to the electron scattering on disorder or phonons [39] , P is the pressure in the electron gas, and the ac viscosity coefficients η xx (ω) and η xy (ω) depend on magnetic field and frequency as [29] :
Here η 0 = v 2 F τ ee /4 is the 2D electron viscosity in the absence of magnetic field and τ ee is the time of relaxation of the second harmonics (by the electron velocity angle) of the electron distribution function [43] .
It is seen that at ω c ≫ 1/τ ee the viscosity coefficients η xx (ω) and η xy (ω) have a resonance at ω = 2ω c . Indeed, the own frequency of variation of the momentum flux density tensor Π ij = m v i v j (v is the velocity of single electrons), which is responsible for the viscosity effect, is the doubled cyclotron frequency 2ω c . Thus when the frequency ω of variation of a flow is close to the internal frequency 2ω c , the viscous resonance occurs.
If the interaction between 2D electrons is strong, they must be treated as a Fermi liquid. A preliminary analysis [45] shows that Eq. (2), describing in this case a flow of the fluid consisting of the quasiparticles of the Fermi liquid, can be derived from the kinetic equation for the quasiparticles provided the following condition. The Landau parameters that characterize the interaction between quasiparticles should be enough large. Herewith the coefficients n 0 , 1/m, and η 0 in Eqs. (1) and (2) will contain not only the characteristic of the quasiparticle spectrum, but also the large Landau parameters. For the fist time, this result was derived in Ref. [46] for 3D uncharged Fermi liquid. Further in this work we will treat Eqs. (1) and (2) as phenomenological with a given values of n 0 , m, and v F (related to η 0 as v F = 4η 0 /τ ee ), herewith v F can substantially differ from the quasi-particle velocity at the Fermi sphere, v F 0 . The conditions of applicability of Eq. (2) for a flow in strongly non-ideal Fermi-liquid will expand significantly [45] : it becomes applicable even at short wavelengths and high frequencies, W l ω , where l ω = v F /ω ≫ v F 0 /ω (see details in the next Section and in Ref. [45] ).
The electric field E(r, t) in the problem of the current study consists of the two parts: external circularly polarized electric field E 0 (t) and the internal electric field E int (r, t) induced by the perturbation of the 2D electron density δn(r, t). In this work we do not consider the retardation effects which can be important in the region of small wavevectors in some structures (see Ref. [47, 48] ). When we can neglect the retardation effects, we just have the electrostatic formula E int = −∇δϕ, where the electrostatic potential δϕ is related to δn. For the structures with a metallic gate located at the distance d from the 2D layer we have:
where κ is the background dielectric constant. For the structures without a gate the relation between δϕ(r, t) and δn(r, t) is given just by the Coulomb law with the charge density ̺(r, z) = e δn(r) δ(z), where δ(z) is the Delta-function depicting the position of the 2D layer. The ratio of the terms −∇P/m and eE/m in Eq. (2) is estimated as a B /d for the structures with a gate and as a B q for the ungated structures, where a B is the Bohr radius and q is the character wavevector. Both these values must be much smaller than unity when the 2D electrostatic equations are applicable. Neglecting the relaxation processes and in the absence of the external electric field, E 0 = 0, we obtain from Eqs. (1), (2), and (4) the usual formula for the dispersion law of magnetoplasmons. For the gated structures it is:
where s = 4πe 2 n 0 d/mκ. The second term under the square root, s 2 q 2 , is the squared plasmon frequency in the absence of magnetic field. For the ungated structure it changes on 2πe 2 n 0 q/mκ.
CALCULATION OF THE LINEAR RESPONSE
In this section we calculate a linear response of the electron fluid on the circularly polarized homogeneous ac electric field E 0 (t) = E 0 e −iωt + c.c.,
where "−" and "+" signs correspond to the right and the left circular polarizations of ac field. We confine ourselves by consideration only the case of gated structures. We believe that the main physical results will be quantitatively the same for ungated structures, while the calculations will be far more complex for ungated structures due to non-local character of electrostatics in the ungated case.
Let us consider a high-frequency flow in a long sam-
with rough longitudinal boundaries. This is the simplest "minimal" model for studying viscous transport in the confined geometry. The velocity field V have the form: V(r, t) = V(y)e −iωt + c.c., and the analogous formulas take place for δn(r, t) and δU (r, t). Substitution of δn(y) and δϕ(y) from the continuity and the electrostatic equations (1) and (4) to the Navier-Stocks equation (2) yields the closed equation for V(y):
where we introduce the simplified notations: ∂ = ∂/∂y, ω = ω + iγ, η = η xx (ω), η = η xy (ω). Equation (7) for the rough sample edges should be supplemented by the diffusive boundary conditions:
We suppose that the rate of electron scattering on disorder, γ, is the smallest value among all other frequencies and rates of the problem: γ → 0. The equation for the eigenvalues in this case is:
The scattering rate γ should be kept only in the last term as the other terms have nonzero real as well as imaginary parts already at γ = 0.
The most transparent for analysis is the regime, when the spacescales corresponding to the two roots λ 1 and λ 2 of Eq. (9) have different orders of magnitudes:
We will show below that this case is realized when
If this inequality is satisfied, calculations based on Eqs. (3) and (9) leads to:
where
The first eigenvalue λ 1 describes the character length of the part of the response related to perturbation of charge, that is to the magnetoplasmons with the dispersion law (5). The corresponding to Eq. (11) damping coefficient Υ p (q) outside the cyclotron resonance, |ω − ω c | ≫ γ, was calculated in Ref. [29] :
where ω p = ω p (q) is the magnetoplasmon dispersion law (5) . Damping of magnetoplasmons due to scattering on disorder is important only in the vicinity of the cyclotron resonance, |ω − ω c | γ [see Eq. (11)].
The second eigenvalue λ 2 corresponds to the standing waves of the transversal zero sound. Such waves exists in strongly non-ideal Fermi liquid at the frequencies ω ≫ 1/τ ee [35] . They are similar to the transversal sound in very viscous amorphous media, such as glasses, plastics, etc. The transversal zero sound is a characteristic phenomena to distinguish weakly (gas-like) and strongly (honey-like) viscous media: it is absent in the first and exist in the last. When the non-ideality of the Fermi liquid is very high, the longitudinal and the transversal zero sounds can be considered within hydrodynamics [45] . The electron-electron collisions, controlling relaxation of the momentum flux density tensor Π ik , determine the damping coefficient of the transversal sound.
The dispersion law ω s (q) and the damping coefficient Υ s (q) of the transversal zero sound at ω c , ω ≫ 1/τ ee and |ω − 2ω c | ≫ 1/τ ee are:
As it was mentioned above, we imply that v F is a parameter that enters in the zero-field viscosity coefficient
. It contains the large Landau parameters of the strongly non-ideal electron Fermi liquid and therefore is much greater than the actual Fermi velocity v F 0 [45] . As a consequence, the mininmal character length in the present theory, l ω = v F /ω, is much larger than the length of the path that a quasiparticle passes during one period of variation of ac field, ∼ v F 0 /ω. Herewith we consider that s ≫ v F . Thus we are able to consider the flows V(y) having the character spacescales W as small as
The dispersion laws of the magnetoplasmons (red) and the transversal zero sound (green). The widths of the curves schematically illustrate the magnitude of the damping coefficients. The dashed lines demonstrates the dispersion laws of plasmons and transversal zero sound in zero magnetic field.
In Fig. 1 we show the dispersion laws of the magnetoplasmons and the transversal zero sound. The picture schematically demonstrate the behavior of ω p (q) and ω s (q) with increase of q and the magnitudes of the damping coefficients of the two types of waves. In this paper we do not study the interaction between the magnetoplasmons and the transversal zero sound near the intersection point of ω p (q) and ω s (q).
The straightforward calculations on base of Eqs. (7), (8) , and (11) lead to the following result for the distribution of the velocity:
, V(y) = eE 0 A 0 /(2m). It is controlled just by motion of individual electrons in external electric and magnetic fields and scattering on disorder (see Fig. 2 ).
For the total electric current, I(t) = Ie −iωt + c.c.,
we easily get from Eq. (14):
For the case of zero magnetic field, the expression similar to Eqs. (14) and (15) were independently derived in Ref. [30, 31] . Below in this section we perform analytical estimations of the eigenvalues λ 1 and λ 2 for the most interesting case of the large frequencies having the same order of magnitude, ω ∼ ω c ≫ 1/τ ee , and lying far or near the cyclotron and the viscous resonances.
Above the cyclotron resonance, ω − ω c ≫ γ, the imaginary part of the plasmonic eigenvalue λ 1 is:
Here and below we present the real and the imaginary parts of the eigenvalues λ 1 and λ 2 with the sign "+". This value is much grater than its real part:
The last formula corresponds to the damping coefficient of magnetoplasmons due to viscosity (12) . The values Re η and Im η, in their turn, strongly depend on the closeness of the frequencies ω and ω c to the viscous resonance. As a result, we obtain the two possible magnitudes of Reλ 1 :
We see that indeed Im λ 1 ≫ Re λ 1 , if the condition (10) is fulfilled. Thus above the cyclotron resonance the velocity profile V(y) is a standing magnetoplasmon wave with the wavelength l p ∼ s/ω and the length of decay
in the vicinity of the viscous resonance.
Below the cyclotron resonance, ω c − ω ≫ γ, the real part of the plasmonic eigenvalue λ 1 dominates:
A long and wide sample in circullary polarized ac electric field E0(t) and perpendicular magnetic field B. The sample width W is larger than the reciprocal real and imaginary parts of the both eigenvalues λ1 and λ2. In such case, the three types of regions are formed: the central region "B" where the flow is controlled by the electron motion in the external fields and scattering on disorder; the near-edge regions "V" in which the flow is governed by viscosity and has the form of the standing waves of the transversal zero sound; and the regions "P" where the flow is formed by both the external fields E0(t) and B as well as the internal field Eint(y, t) related to magnetoplasmons.
The corresponding distribution of V(y) has the nonoscillating exponential profile with the character length l p . In the vicinity of the cyclotron resonance, |ω − ω c | γ, the real as well as imaginary parts of the plasmonic eigenvalue are mainly controlled by scattering on disorder:
Such λ 1 corresponds to oscillations and exponential decay of V(y) with the same period and character length L p ∼ s/ √ γω. At extremely weak scattering on disorder, γ → 0, the lengthscale L p is far greater than the length of decay of magnetoplasmonic part of the response outside the cyclotron resonance.
The eigenvalue λ 2 depends only on the closeness of the frequencies ω and ω c to the viscous resonance. Above the viscous resonance, ω − 2ω c ≫ 1/τ ee , we have:
We see that Eqs. (21) and (22) correspond to the dispersion law and the damping coefficient of the transversal zero sound (13) . As Im λ 2 ≫ Re λ 2 , above the viscous resonance the eigenvalue λ 2 corresponds to the standing waves of the transversal zero sound with the wavelength l s ∼ l ω and the length of decay L s ∼ l ee .
As it is seen from Eqs. (16)- (22), the introduced above condition (10) guarantees that Reλ 1 , Imλ 1 ≪ Reλ 2 , Imλ 2 . In particular, the length of decay of the transversal zero sound, L s , is much smaller than the character plasmon wavelength, l p . Thus the plasmonic and the viscous parts of the linear response are located in the well-defined layers with the widths of the different orders of magnitude (see Fig. 2 ).
Below the viscous resonance, 2ω c − ω ≪ 1/τ ee , the eigenvalue λ 2 is mainly real:
In this case the viscous part of the response has the form of the exponential increase of V(y) from the edges into the bulk with the character length l ω . In the vicinity of the viscous resonance, |ω − 2ω c | 1/τ ee , one can derive from Eq. (11) the following result:
In such the case, the eigenvalue λ 2 , as the eigenvalue λ 1 in Eq. (20) near the cyclotron resonanse, corresponds to exponential decay and oscillations with the same character lengths ∼ √ l ω l ee . The last value is much smaller than length of decay, L s , of the zero sound waves above the viscous resonance and is much greater than its wavelength, l s , below the viscous resonance.
We see that the behavior of the eigenvalue λ 2 near and far from the viscous resonance is similar to the behavior of the eigenvalue λ 1 near and far from the cyclotron resonance.
An analytical calculation of V(y) in a general case when the condition (10) is failed and the character lengths of the plasmonic and the viscous part of the linear response can intersect each other is very cumbersome. In this case, it is reasonable to use numerical calculations to obtain the resulting dependencies of V(y) and I on ω and ω c . However, as it is seen from Eq. (9), the values of V(y) and I will also exhibit the cyclotron and the viscous resonances. 
PROPERTIES OF THE LINEAR RESPONSE
The calculated linear response V(y, t) describes, in particular, absorbtion of energy from the ac external field E 0 (t). The absorbtion power is:
According to the above discussion, depending on the sample width W and the frequencies ω and ω c , this value can be mainly determined by magnetoplasmons or by viscosity. We calculated the dependencies W(ω c ) by Eqs. (15) and (25) at a fixed ac frequency ω for different sample widths W (see Fig. 3 
and its descriptions below). a) Wide samples: the behaviour of the plasmonic contribution.
In the very wide samples:
above the cyclotron resonance, ω−ω c ≫ γ, the plasmonic perturbation is are formed in the near-edge regions with the widths ∼ 1/Reλ 1 . Their widths strongly depend on the closeness to the viscous resonance [see Eq. (18)]. The viscous perturbation is formed in the very vicinities of the edges with the widths ∼ 1/Reλ 2 ≪ 1/Reλ 1 , and its contribution to I is negligibility small [see Eq. (14)]. In the central region, W/2 − |y| Reλ 1 , the linear response is the Ohmic flow: it is formed just by the cyclotron motion of electrons and scattering on disorder. If the absorbtion power W is mainly determined by the Ohmic flow in the central region, the response exhibits the usual cyclotron resonance with a symmetric Lorentzian form exactly at ω = ω c [see Fig. 3(a) ]. Below the cyclotron resonance, ω c − ω ≫ γ, the plasmonic-like nonoscillating perturbation of the electron density and the hydrodynamic velocity are formed in the near-edge layer with the width of the order of l p ∼ s/ω ≪ 1/Reλ 1 . Near the cyclotron resonance, |ω − ω c | γ, the plasmonic perturbation has character length, L p ∼ s/ √ γω. As we have assumed that γ → 0, this values can be greater than the sample width W . Thus the plasmonic perturbation has the form the standing waves with the wavelength ∼ L p in the whole sample.
In the wide (but not very wide) samples:
the plasmonic perturbations above the cyclotron resonance are formed inside the whole sample. When the sample width is equal to an integer or a half-integer number of the wavelengths of magnetoplamons,
the dependence W(ω c ) exhibits the plasmonic resonances [see Fig. 3(b) ]. In Eq. (28) m is an integer number and q p (ω, ω c ) is the root of Eq. (5). The positions of the plasmonic resonance frequency ω p,m (W ) can fall in the vicinity of the viscous resonance frequency ω c = ω/2. In this case, the half-width of the plasmonic resonance, which is proportional to the plasmon damping due to viscosity (12) , resonantly depends on the difference ω c − ω/2 (see Fig. 4 ).
In the wide samples [Eq. (27) ] the plasmonic part of the linear response below and near the cyclotron resonance has the same properties as in the very wide samples [Eq. (26) ].
b) Narrow samples: the behaviour of the viscous contribution. In the samples of medium widths:
the viscous part of the linear response, which is formed in the near-edge widths with the widths W ∼ 1/Reλ 2 , give a substantial contribution to the total current I(t). Herewith, however in the central part of the sample the flow is still controlled by magnetoplasmons. The viscous Fig. 3 : ωτee = 50, s/vF = 300, and γτee = 10 −7 . The dependencies W(ωc) exhibit the plasmonic resonances, which frequencies ωp,m depend on the sample width W . Dashed line is the dependence of the real part of the diagonal viscosity coefficient Re ηxx on ωc in arbitrary units. The dependency of the imaginary part of the non-diagonal viscosity coefficient Im ηxy on ωc is the same. It is seen that the width of the plasmonic resonance has a maximum at the maximum of Re ηxx(ωc) . and the plasmonic contributions to the total current I(t) can be comparable.
Above the viscous resonance, ω − 2ω c ≫ 1/τ ee the flow in the near-edge regions, W/2−|y| L s , have the form of standing waves of the transversal zero sound. Below the viscous resonance, 2ω c − ω ≫ 1/τ ee , the viscous part of the linear response is located in the narrower near-edge layers with the widths ∼ l s ≪ L s and has the exponential non-oscillating profile. Due to the change of the character of the viscous perturbation with the transition between these two regimes, the viscous resonance arises as a peak in the dependencies W(ω c ) and I x,y (ω c ) [see Fig. 3(c) ]. From Eqs. (15) and (24) we immediately obtain the formula:
The peak (30) is strongly asymmetric relative to the point ω c = ω/2. In this sense, it is similar to the Fano resonance in the probability of the absorbtion of light due to coexistence of the discreet and continuous spectrum in a quantum system at same energies. Near the viscous resonance, |ω − 2ω c | 1/τ ee , the viscous perturbation has the form of the oscillations near the sample edges rapidly decaying in the direction inside the bulk with the same character lengths given by Eq. (24) .
In the narrow samples:
the flow is controlled by viscosity in the whole sample. The distribution of the hydrodynamic velocity have the form of standing waves of the transversal zero sound above the viscous resonance, ω − 2ω c ≫ 1/τ ee , and the form of non-oscillating exponential growth in the directions from the edges below the viscous resonance, 2ω c − ω ≪ 1/τ ee . When the sample width becomes equal to an integer or half-integer number of wavelengths of the transversal sound, In the maximally narrow samples,
the viscous contribution also dominates. The flow has a parabolic profile in the whole sample [see Eq. (14) in the limit λ 1,2 → 0]. This regime can be regarded as the ac Poiseuille flow in magnetic field. For the current we obtain from (15) :
and |I y | ≪ |I x |. We see from Eq. (34) that the viscous resonance manifests itself not in the current, but in the ac resistance R xx = E/I x . Near the resonance we have from Eq. (34):
So for the very narrow samples, unlike the other discussed above cases, in the viscous resonance the ac resistance, but not the ac current has a maximum, accompanied by a δ ′ -singularity, which typical for the imaginary parts of susceptibilities.
By this way, the viscous resonance manifests itself via the absorbtion power W(ω c ) in different ways depending on the sample width W . In wide samples it can be observed by the resonant dependence of the width of the plasmonic resonance in W(ω c ). In medium samples, if the main contribution to the linear response comes from the viscous part of the flow, the viscous resonance occurs due to changing of the character of the transversal sound perturbations (standing waves or non-oscillating decay) below and above the viscous resonance. In this case, the dependence W(ω c ) has the form of an asymmetrical peak near ω = 2ω c [see Fig. 3(c) ]. In narrow samples when the standing waves of zero sound are well formed, the transversal zero sound resonances related with the coincidence of the sample width with an integer or halfinteger number of wavelengths of the transversal sound arise.
Let us note an important feature of the viscous part of the linear response. With decrease the sample width, the viscous contribution begins to dominate in the linear response, the dependence of I and W on the sigh of circular polarization becomes weaker and, finally, almost vanish for enough narrow sample. The dependence on the sigh of polarization is greater for imaginary part than for the real part of the current I x , but vanishes for both real and imaginary parts with decrease of the sample width W below the length of decay of the transversal sound, L s ∼ l ee (see Fig. 5 ).
MANIFESTATION OF THE LINEAR RESPONSE IN NON-LINEAR EFFECTS
It seems very possible that the viscous resonance is responsible for the strong peak and the features observed at ω = 2ω c in the photoresistance [36, 37] and the photovoltaic effects [38] in the high-mobility GaAs quantum wells.
Indeed, first, it was stressed in Ref. [36] that the strong peak in photoresistance and a very well pronounced giant negative magnetoresistance, explained in Ref. [17] as a manifestation of forming of a viscous flow, are observed in the same best-quality GaAs structures. If a 2D electrons in such structures form a viscous fluid, then any response of the structure on ac field (absorbtion, photovoltage, photoresistance) must inevitably have peculiarities at the frequency of the viscous resonance.
Second, in the current paper we demonstrated that the peak of the viscous resonance be asymmetric symmetric as well as [see Fig. 3(b,c) , Fig. 5 , and Eq. (35)] and is independent on the sign of the circular polarization of ac field. These features are observed in the experiments [36, 37] .
Third, in Ref. [38] numerous magnetoplasmon resonances were observed on several GaAs high-quality structures of different geometries. The singularity at ω = 2ω c on the background of the "forest" of plasmonic resonances was seen exactly in those structures which had the smaller widths, bent form of the edges, and were equipped with the gates of the similar bent form. In such structures the space inhomohenity of the flow and the relative role of viscosity is expected to be greater, compared with the other studied samples being wide and having the straight edges.
To construct the theories of the photoresistance and the photovoltaic effects, one should supplement the hydrodynamic equation (2) by the nonlinear terms following, for example, to Refs. [51, 52] . In Ref. [52] the theory of nonlinear ac transport, namely of the micro-wave induced resistance oscillations (MIRO) in 2D disordered electron systems was developed. The main element of the theory [52] are the linear response of free 2D electrons on ac field, V 0 (y) = eE 0 A 0 /(2m), and the memory effects in scattering of electrons on smooth disorder in magnetic field. In the future theory of the photoresistance and photovoltade effects in a viscous electron fluid, its linear response given by Eq. (14) should be used instead of the linear response of free 2D electrons V 0 (y).
The peak and the features at ω = 2ω c in photovoltage and photoresistance were observed in Refs. [36] [37] [38] at rather high magnetic fields when the inequality R c ≪ W is fulfilled. Thus the applicability of the hydrodynamic approach is related to the small magnitude of the parameters W/l ω and W/R c , while the ratio W/l ee can be arbitrary.
The assumption about a high non-ideality of the Fermiliquid seems to be fulfilled because of the two following facts. First, the parameter r s characterizing the strengths of Coulomb interaction in a 2D electron system is about unity for the GaAs structures studied in Refs. [36] [37] [38] . Second, there are the experimental evidences based on the analysis of the data on the MIRO effect that the effective mass of 2D electrons in the highmobility GaAs quantum wells is strongly renormalized due to the inter-particle interaction [49, 50] . A preliminary analysis [45] demonstrates that a strong interaction between quasiparticles of the 2D electron Fermi liquid justify the applicability of hydrodynamics for the proper description of such system in classical magnetic fields. All the previous theories of the MIRO effect were developed for the model of 2D electrons in a disordered system [53] . These theories explained very well the shape of photoresistance oscillations and their dependence on temperature and other parameters. The main problem of all the theories was the inconsistency between the lack of dependence of the effect on the sign of the circular polarization in experiment and the presence of such a dependence in the theories. Due to the fact that there are the evidences that in such structures 2D electrons form a viscous fluid, it is logical to generalize the existing theories of the MIRO effect, for example, the theory [52] on the case of a 2D electron viscous fluid. The key moment of such new possible theory should be the consideration of the memory effects for the case of electron-electron interaction in classical magnetic field. In such theory, the calculated linear response (14) will be an element and, therefore, the resulting photoresistance, in particular, the MIRO oscillations will not depend on the sign of the circular polarization for the narrow samples.
CONCLUSION AND ACKNOWLEDGEMENTS
To conclude, a linear response of a 2D viscous electron fluid in a long sample has been calculated and analyzed. The response can exhibits the viscous resonance at ω = 2ω c and the resonances related to forming the standing waves of the zero transversal sound. Such waves are analogous to the usual transversal sound in amorphous media. The dispersion laws of both the zero transversal sound in 2D electron fluid and the transversal sound in amorphous media are due to time dispersion of the viscosity coefficients. The analysis performed in this work shows that the viscous resonanse, apparently, is responsible for the peak and the features in photoresistance and photovoltage observed in the ultra-high quality GaAs quantum wells.
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